GGAs are monomeric adaptor proteins implicated in clathrin-mediated vesicular transport between the trans-Golgi network and endosomes, characterized mainly from cell culture analysis of lysosomal sorting. To provide the first demonstration of GGA's role in vivo, we used Drosophila which has a single GGA and a single lysosomal sorting receptor, LERP. Using RNAi knockdowns, we show that the Drosophila GGA is required for lysosomal sorting. We further identified authentic components of the Drosophila lysosomal sorting system -the sorting receptor LERP, the sorting adaptor GGA and the lysosomal cargo cathepsins B1, D and L -to demonstrate that GGA depletion results in lysosomal dysfunction. Abnormal lysosomal morphology, missorting of lysosomal cathepsins and impaired lysosomal proteolysis demonstrate disturbed LERP-trafficking after GGA depletion. GGA is highly expressed in the mushroom bodies and the pigment cells of the retina and increasing or decreasing the levels of GGA in the eyes leads to retinal defects. Reduced GGA levels also enhance an eye defect caused by overexpression of the autophagy-associated protein Bluecheese (Bchs), implicating GGA in autophagic processes. This shows that Drosophila provides an excellent whole-animal model to gain new insights into the function of GGA in the physiological environment of a multicellular organism.
INTRODUCTION
Golgi-localized, γ-ear-containing, ADP ribosylation factor-binding (GGA) proteins are monomeric clathrin adaptors that function in the trafficking of cargo between the trans-ARFs (ADP ribosylation factors) and to ubiquitin; a poorly conserved hinge region that binds to clathrin; and a C-terminal GAE (γ-adaptin ear homology) domain that interacts with accessory proteins. GGA family proteins are evolutionarily conserved from yeast to mammals. Three GGAs exist in mammals, GGA1-GGA3, while yeast has two GGA family proteins, Gga1p and Gga2p (reviewed in 5).
The best characterized targets for mammalian GGAs are the mannose-6-phosphate receptors (M6PRs) M6PR46 and M6P/IGFIIR (2, 3, 6) . These transmembrane receptors recognize newly synthesized mannose-6-phosphate-containing ligands at the TGN and sort them to the endosomal/lysosomal compartment. This is a crucial step in the generation and maintenance of lysosomal biogenesis and function, which is reflected in the fatal consequences of lysosomal storage disorders (7) . In yeast, deletion of the two Gga proteins results in defective vacuoles caused by missorting of the vacuolar protease CPY to the extracellular space. This is due to a defect in the shuttling of the sorting receptor Vps10p between the TGN and endosomes (8) . Thus, yeast and mammalian GGA proteins share most of the physiological properties such as cargo binding, ARF and accessory protein interaction, and clathrin binding (4, 8) .
The sorting motif recognized by GGAs is an acidic cluster followed by a di-leucine motif (DxxLL) in the cytoplasmic tail of M6PRs and other sorting receptors as well as transmembrane cargo that cycles between the TGN and endosomes such as sortilin (9) , SorLA/LR11 (10, 11) , LDL receptor-related proteins (12) , ß-secretase (13) , consortin (14) , and stabilin-1 (15) . GGA proteins might be involved in the pathogenesis of Alzheimer's Disease (AD) where they were detected in activated microglia surrounding amyloid plaques (16) . Functional analyses with cultured cells implicated GGAs in the proteolytic processing of APP (12, 16, 17) and changes in the subcellular trafficking of BACE1 or other GGA1 dependent proteins may contribute to altered APP processing and Aß-generation (16) .
Studies in mammals analyzing the physiological role of the GGAs in M6PR-sorting have been hampered by the fact that multiple isoforms are present with potentially redundant functions and two M6PRs with different GGA binding properties exist. Indeed, single RNAi knockdowns of any of the three human GGAs in HeLa cells have been shown to cause only modest impairment in the sorting of the lysosomal enzyme cathepsin D. Even the simultaneous addition of RNAi for two or three GGAs has so far not resulted in more severe lysosomal missorting (18) (19) (20) .
The high degree of redundancy in mammals complicates the analysis of GGA function. Although there has been a lot of interest in the potential role of the GGAs in physiological and pathophysiological processes ranging from neurosecretory vesicle formation (21) to participation in sorting APP and BACE (16, 22) , it has not been possible to test their function in lysosomal sorting directly. Thus, the question of the impact in a physiological environment in a multicellular organism is completely unresolved, since no knockdown or knockout model exists to date.
In this study, we explored Drosophila melanogaster as a potential model organism for GGA analysis in vivo, initially in the context of lysosomal sorting. The most important advantage is the existence of only a single highly conserved GGA gene combined with a single M6PR homolog, the Drosophila Lysosomal Enzyme Receptor Protein (LERP). LERP physically interacts with GGAs and rescues the missorting of lysosomal enzymes in M6PR-deficient mammalian cells (23) .
Despite these advantages, tools for the analysis of receptor mediated lysosomal sorting are not readily available in the fruit fly. Therefore, we cloned potential Drosophila homologs of classical lysosomal cargo in mammals, the cathepsins, and analysed their lysosomal sorting.
Our results from complementary approaches in Drosophila S2 cells and mammalian cells demonstrate the impressively high degree of conservation of receptor-mediated lysosomal transport between fly and man.
Because no mutations have been described in Drosophila GGA so far, we performed ubiquitous and tissue-specific RNAi-mediated GGA depletion to determine the functional requirement of the single GGA for lysosomal biogenesis in flies. Besides this basic function for lysosomal sorting, we analysed GGA expression in neuronal tissues since GGA has been implicated in AD pathogenesis. Unexpectedly, high GGA levels were detected in the pigment cells of the retina as well as in the mushroom bodies, which are known to be involved in chemosensory memory and learning in insects. These findings underline the potential of Drosophila as a model to delineate further GGA functions.
RESULTS

GGA mediates LERP-dependent sorting of cathepsins to lysosomes
Lysosomes and the components of the lysosomal system are poorly characterised in Drosophila. Since GGA family proteins are implicated in sorting cargo from the trans-Golgi to lysosomes, the identification of homologous proteins in Drosophila is a prerequisite for investigating the requirement of GGA in flies in vivo.
Cathepsins (CTSs) are classical lysosomal enzyme markers. Processing of cathepsins provides a useful index of the efficiency of cathepsin sorting to lysosomes, since proteolytic processing of the proform to a mature active protein depends on efficient transport to the lysosome (24) (25) (26) . For CTSL and CTSB1, homologous EST clones were expressed in Drosophila melanogaster S2 cells (Dmel2 cells) and their activities measured. To detect these proteins, we used antibodies that were first tested for their specificity by adding double stranded RNA (for targeting RNAi) specific for CTSL and CTSB1. Western blot analysis revealed two bands for CTSL and CTSB1 in Dmel2 cells, representing minor amounts of the higher molecular weight proforms and the abundant lower molecular weight mature, active forms (supplemental Figure S1 ). Subcellular localisation to lysosomes is hard to demonstrate in Dmel2 cells, since no proven suitable endogenous lysosomal marker/s is/are available for the Drosophila system. We have demonstrated earlier that Drosophila LERP displays highly conserved interactions with the VHS-domains of Drosophila and mammalian GGAs and rescues the missorting of mammalian lysosomal enzymes in mouse fibroblasts deficient for M6PRs (23) . We therefore used this established model and found that LERP similarly sorts ectopically expressed Drosophila CTSD (RFP-tagged) to the lysosomal compartment in these cells: extensive localization of endogenous mammalian CTSD (CTSD) and Drosophila CTSD within circular like LAMP1 enclosed structures resembling lysosomes could only be detected in HA-positive LERP-expressing cells (Figure 1 ). This clearly indicates lysosomal localization of CTSD from both species based on efficient LERP mediated lysosomal sorting. Note that the enlarged LAMP1 positive structures in LERP non-over-expressing cells (HA-negative) represent storage lysosomes filled with non-degraded material due to missorting of multiple soluble lysosomal enzymes in the absence of sorting receptors (note: the classical lysosomal marker enzyme CTSD is hardly detectable in these cells). The reduced size and number of lysosomes and the substantial increase in lysosomal CTSD staining in LERP-expressing cells demonstrates functional lysosomal sorting of enzymes by the Drosophila receptor.
Similar results were obtained for Drosophila CTSB1 (not shown). As shown previously (23) , the addition of the C-terminal HA-tag to LERP does not prevent GGA binding (experimental data not shown) nor interfere with its sorting function.
Identical to the mammalian system, the sorting of endogenous lysosomal cathepsins in Dmel2 cells depends on LERP. Addition of double stranded LERP-RNAi to knock down LERP in Dmel2 cells caused an accumulation of the cathepsin proforms, indicating impaired cathepsin sorting to lysosomes, paralleled by a strong reduction in cysteine protease activity to less than 40% of the untreated control ( Figure S1 ).
To modulate GGA-mediated LERP trafficking we transfected Dmel2 cells with inducible constructs for Drosophila wild type GGA (WT-GGA) or a dominant negative Drosophila GGA (dnGGA). The dnGGA mutant contains the VHS-domain responsible for receptor binding and the GAT domain needed for membrane association by interaction with ARF at the TGN, but lacks the HINGE and the EAR domains responsible for clathrin binding and the recruitment of accessory proteins, respectively. Overexpression of dnGGA or WT-GGA should alter the normal endogenous LERP distribution thereby affecting lysosomal sorting of cargo, the cathepsins. Indeed, overexpression of either dnGGA or WT-GGA resulted in an increase of the CTSL and CTSB1 proforms (Figure 2A , see ratio of proform to total cathepsins), but did not change the endogenous level. For assessing levels of GGA expression, western blots were done with anti-GGA for endogenous and WT-GGAV5. The relative expression levels of the overexpressed V5-tagged proteins were compared with anti-V5. The endogenous GGA protein is unchanged and dnGGAV5 and WTGGA-V5 are expressed in comparable amounts (anti-V5). The expression rate of the recombinant constructs is moderate as detected with anti GGA antibody for WTGGA-V5 overexpression (additional band with slightly higher molecular weight, see upper panel Figure 2A ).
We carried out similar experiments with the three human GGAs (GGA1-3) and obtained essentially identical results, indicating a common mechanism for mammalian and insect GGAs (not shown).
To test the effect of GGA alterations on LERP trafficking we co-transfected Dmel2 cells with LERP-HA and WT-GGA or dnGGA and analysed the location of LERP. A cytoplasmic protein that has no effect on LERP sorting was used as V5-tagged control. While LERP-HA is mainly seen in larger structures (TGN) in close proximity to the cis Golgi marker lava lamp and as fine punctuate staining distributed throughout the cytoplasm in the control, its localisation is changed when either dnGGA or WT-GGA is co-expressed. As shown in figure 2B , the mutant dnGGA protein accumulates in the larger structures in close proximity to the cis Golgi marker lava lamp and redistributes the sorting receptor LERP exclusively to the dnGGA-positive area (Pearson coefficient 0.98). This suggests that the dominant negative GGA blocks exit of LERP at the TGN. Overexpression of WTGGA has the opposite effect and seems to promote exit of the receptor from the TGN. Although LERP still co-localizes substantially with GGA-WT (Pearson coefficient 0.35) the majority of the receptor is now redistributed to multiple small punctuate structures all over the cell (compared to the control).
Thus, GGA over-expression interferes with LERP trafficking, thereby leading to missorting of lysosomal cargo as shown for CTSL and CTSB1.
Overloading the endogenous sorting system of LERP and GGA by cargo over-expression (CTSB1) resulted in an increase of the CTSB1 proform and its missorting to the medium (Figure 3 ). If GGA can directly modulate LERP-mediated lysosomal sorting co-expression of LERP and/or GGA should restore the normal pattern. Increasing the levels of the sorting receptor LERP only partially reduces missorting of the CTSB1 proform to the medium, suggesting that increased amounts of the sorting adaptors also might be required. Indeed, additional expression of WT-GGA protein prevents CTSB1 missorting to the medium. As expected, expression of dnGGA cannot mediate this effect. Taken together, these data clearly demonstrate that GGA is required for LERP-dependent sorting of cathepsins to lysosomes.
GGA knockdown in Drosophila
To investigate the function of GGA in Drosophila, we used an RNAi-mediated knockdown approach because no mutants of the single GGA have been described so far. Initially, we analyzed transgenic flies obtained from three independent GGA-RNAi constructs, two we created (GGA-RNAi 1 and 2) and one obtained from the Vienna Drosophila Resource Center (VDRC) (GGA-RNAi 3) ( Table 1 ). When GGA-RNAi2 was expressed ubiquitously under the control of the Act5C-Gal4 driver, the α-tubulin-Gal4 driver, or under control of the daughterless gene promoter, no knockdown adults emerged, Lethality occurred during early pupation with all three drivers. In contrast, flies survived into adulthood after expression of GGA-RNAi 1 and 3 under the Act5C-Gal4 driver, indicating that these resulted in a weaker knockdown. To test whether GGA-RNAi2 indeed induces a stronger knockdown, we analyzed GGA protein levels in Western blots from third instar larvae expressing the RNAis via the Act5C-Gal4 driver (even with GGA-RNAi2 construct third instar larvae survive). We detect little if any expression in GGA-RNAi2 expressing larvae and about 10-20% of the levels of controls in larva expressing GGA-RNAi1 or GGA-RNAi3 ( Figure 4B ), confirming that expression of GGA-RNAi2 results in a stronger knock-down. Consistent with the strong reduction in GGA observed after ubiquitous expression of the less efficient constructs, we found a slight semilethality with reduced numbers of surviving adults (42% RNAi1; 0% RNAi2; 37% RNAi3) compared to the control (60%) ( Table 1) .
Similar to larvae, expression of GGA-RNAi1 under the control of the cytoplasmic actin promoter (Act5C-Gal4) reduces GGA protein levels in surviving adult flies to 10% of the control, in both heads and bodies. Similar data were obtained for GGA-RNAi3 ( Figure 4A ).
Interestingly, most of the GGA protein detected in fly heads is of neuronal origin. This is demonstrated by expression of the GGA-RNAis under the pan-neural elav-Gal4 driver which significantly reduced the protein levels to 25% while RNAi driven by pan-glial repo-Gal4 was less effective (90%) ( Fig 4B) .
GGA knockdown results in missorting of the lysosomal cathepsin proteases in flies
To test whether GGA knockdown interferes with sorting of lysosomal proteases, we examined CTSL processing in third instar larvae and adult fly heads. Whereas the levels of mature enzyme appear similar in GGA knockdowns (using Act5C-Gal4 or da-Gal4) and controls, the CTSL-proform was increased. The proform accumulated to significantly higher levels in total homogenates from knockdowns than in homogenates from control larvae ( Figure 4B and 4C). Similarly in heads of adult flies of GGA-RNAi1 and GGA-RNAi2 knockdowns with the pan-neuronal driver elav-Gal4, an increase of the CTSL-proform was detected ( Figure 4B ). However, in contrast to larvae, we observe increased levels of the mature form. We confirmed these findings in heads of surviving adults under ubiquitous driven expression (Act5C-Gal4) of GGA-RNAi 1 and 3 (not shown).
An analysis of the hemolymph of GGA-RNAi2-knockdown wandering larvae (the most efficient construct with nearly zero GGA protein (see 4B) confirmed the missorting, demonstrated by a marked increase in proforms of CTSL as well as CTSB1, compared to the controls ( Figure 4C ). Although a significant amount of proform-CTSD is present in the hemolymph of no-driver and hairpin-only transgenic controls, in agreement with earlier proteomic studies (27) , the knockdown of GGA in GGA-RNAi2 resulted also in a corresponding marked increase in pro-CTSD in total larvae ( Figure 4C ). This suggests that the sorting of CTS to lysosomes is impaired in these flies and consequently the subsequent processing is reduced. Thus, loss of GGA leads to missorting of three different cathepsins, resulting in non-processed proforms being secreted into the hemolymph.
GGA knockdown affects lysosomal morphology with features of lysosomal storage diseases
To analyze lysosomal perturbation in more detail and to visualize the effect of GGA knockdown in transgenic tissue, we used a GFP-LAMP1 fusion protein (28) . LAMP1 is a lysosomal membrane marker in mammals that is targeted to lysosomes by AP-3, independently of GGA (29, 30) .
GFP-LAMP1 expression was analyzed in third instar larval salivary glands by epifluorescence and confocal microscopy. In control flies, low levels of fluorescence was observed ( Figure 5A and B), likely due to rapid GFP degradation by lysosomal proteinases once the fusion protein reaches the lysosome (28, 31) . In contrast, GGA-RNAi2 knockdown larvae revealed a marked accumulation of fluorescent vesicles that appeared larger and brighter than those seen in controls ( Figure 5B ).
LysoTracker Red DMD-99, which accumulates in acidic compartments and fluoresces red, was used to verify that the increased GFP-LAMP1 fluorescence was associated with acidified vesicles such as lysosomes ( Figure 5B ). In transgenic GGA-RNAi2 knockdowns, in which GFP-LAMP1 was present, the distribution of LysoTracker Red fluorescence overlaps extensively with GFP fluorescence ( Figure 5B , merge). These data demonstrate that GFP-LAMP1 accumulation occurs primarily in acidified vesicles. The finding that GFP is more stable in salivary glands of GGA-knockdown larvae, together with its presence in acidified vesicles, supports the interpretation that the GGA knockdown interferes with the proteolytic function in lysosomes. This could be explained by the missorting of cathepsins, as already demonstrated by the increase of their proforms in the hemolymph of GGAknockdown larvae. We were also able to demonstrate a similar increase in GFP-LAMP1 stability in salivary glands of knockouts of the major lysosomal proteases CTSL and CTSD ( Figure 5A ). The latter findings confirmed that indeed a lack of these cathepsins results in GFP-LAMP1 accumulation. Interestingly, the occurrence of enlarged, LAMP1 positive structures is a hallmark of lysosomal storage diseases (LSDs) in mammals where enlarged lysosomes are seen with abnormal accumulation of non-degradable materials due to lack of lysosomal hydrolases (7, 28) .
GGA knockdown results in a degenerative retinal phenotype in aging flies
Mammalian GGA1 is preferentially expressed in neurons and in many LSDs neuronal function is disturbed. In AD brains, GGA1 is found in activated microglia and might be involved in AD pathogenesis (16) . Immunohistochemistry on adult fly brain sections detected high levels of GGA in the retina, whereby the intense staining in the proximal and distal region suggested an especially high abundance in pigment cells ( Figure 6 top, panel A). This was further supported by confocal images from the retina which showed a staining pattern characteristic for pigment cells (inset). In addition, we found expression in the entire brain cortex, which houses the neuronal cell bodies, and a strong expression in the mushroom bodies (arrow), known for their role in sensory olfactory learning and memory ( Figure 6 top, panel B) .
The development and maintenance of the eye is heavily dependent on endocytic and vesicle trafficking events (32) (33) (34) , both suggested functions of GGA. Photoreceptive membranes show a high turnover in most animals studied to date, presumably to dispose of membranes and proteins damaged by light or oxidation as part of the maintenance of the photoreceptor cells (35) . In Drosophila, this turnover is manifested in the internalization of coated vesicles and the formation of multivesicular bodies that merge with primary lysosomes (36) .
Indeed, in horizontal head sections of 25day old flies expressing GGA-RNAi under the control of the eye specific driver ( Figure 6 Bottom) we detected a disruption of photoreceptor organization. In addition, these flies showed large vacuoles and lacunae in the lamina cortex. Due to the close juxtaposition of these vacuoles to the basal membrane of the retina this phenotype could be caused by an effect on the pigmented subretinal glia that can be found at this position.
To examine the effect of GGA RNAi on progressive neurodegeneration in the eye, targeted knockdown was induced with ninaE-Gal4, which is specifically active in mature neurons, the R1-6 retinula cells. GGA knockdown in R1-6 causes retinal degeneration and rhabdomere defects (analysed by optical neutralisation of the cornea; not shown). To analyze the effect of GGA depletion in the eye in more detail, GGA-RNAi was expressed in the primordia using a combination of the ey-Gal4 and GMR-Gal4 drivers. This combination assures both early (ey-Gal4) and late (GMR-Gal4) expression in the eye anlage. The external morphology of the eye of GGA knockdown flies (ommatidial arrays, apical bristle number and organization, see also Figure 9A ) was indistinguishable from that of wild-type flies. To study effects on photoreceptor (retinula) cells in more detail, we examined transverse sections of the compound eye. Sections from newly eclosed wild-type flies show the highly ordered arrangement of ommatidia, each containing a cluster of six round, uniformly sized rhabdomeres surrounding a smaller seventh rhabdomere. Newly enclosed flies with targeted GGA-RNAi knockdown are indistinguishable form wild type, suggesting that the eye develops normally ( Figure 7A ). Whereas the organization of the control adult ommatidia was not affected with aging, the rhabdomeres in eight day-old GGA-RNAi knockdown ommatidia were frequently irregular with some evidence of fragmentation (arrowhead in Figure 7A ). In many cases, the relative rhabdomere positions showed substantial variation, with an occasional dramatic displacement of individual rhabdomeres (arrows in Figure 7A ). In two week-old GGA-RNAi knockdowns, the effects on photoreceptor cell organization were much more severe and were accompanied by apparent loss of rhabdomeres and pigment granules. Two week old control adults, containing the GGA-RNAi knockdown transgene but no Gal4 driver still preserved their normal structure ( Figure 7A ), demonstrating that the presence of the knockdown transgene alone does not cause age-related degeneration. Thus, GGA knockdown in the eye does not appear to alter development of the normal photoreceptor array, but fails to support the maintenance of photoreceptor cell organization during aging. Additionally, the typical pattern of the pigment granules vanishes in 14 day old flies compared to newly eclosed fly eyes, indicating breakdown of the pigment cells. This is confirmed by the occurrence of large vacuoles with dark pigment granules at their edges in eyes of 25 day old GMR-GAL4>GGA-RNAi flies ( Figure 7B ).
GGA knockdown enhances the Blue Cheese overexpression phenotype and GGA overexpression results in a rough eye phenotype
Several loss-of-function mutations of lysosomal trafficking genes were shown to be modifiers of Blue Cheese (Bchs) (37) . bchs is the Drosophila homolog of the mammalian Autophagy-linked FYVE protein (Alfy) (37-39) and believed to encode a scaffolding protein involved in vesicle transport (40) . Overexpression of the lysosomal Bchs in the eye results in a rough eye phenotype and age-related neuronal degeneration (37, 40) . Since GGA is involved in lysosomal sorting and its depletion was found to interfere with retinal cell organization during aging, we tested whether alterations in GGA expression affect the Bchs eye overexpression phenotype. We found that the Bchs overexpression phenotype is enhanced when GGA-RNAi is knocked down with eye-specific GAL4 drivers (ey-Gal4 and GMR-Gal4), resulting in a reduction in eye size and a marked bleaching in the middle of the eye (shown for GMR in Figure 8A ). As mentioned before, expression of GGA-knockdown RNAi under the dual ey/GMR-Gal4 drivers alone does not affect the external morphology ( Figure 8B ). Thus, GGA is a modifier of the Bchs overexpression phenotype because the enhancement is not due to additive effects.
Since GGA-WT overexpression and dnGGA expression disrupted lysosomal sorting in Dmel2 cells (see Figure 2 and 3), we also analysed these lines for an effect on the fly eye. Wild type GGA and dnGGA-GFP were expressed in the eye under the ey-Gal4 and GMR-Gal4 driver combination and the GMR-Gal4 driver alone. Both experiments resulted in a roughened and smaller eye phenotype similar to Bchs overexpression ( Figure 8B) . Interestingly, expression of human GGA3-GFP under the GMR-GAL4 driver resulted in partial disintegration of the eye similar to the Drosophila GGA-WT-GFP ( Figure 8D ) giving additional in vivo evidence for the suggested common mechanism for mammalian and insect GGAs (see above)
Expression of the three GGA-RNAi's in GMR>GGA-WT overexpressing eyes ameliorated the roughened eye phenotype whereby the effect depended on the level of GGA-RNAi expression with GGA-RNAi2 being most effective ( Figure 8C ). These rescue experiments confirmed that the observed eye phenotypes are indeed caused by the elevated GGA levels in the overexpressing flies.
The roughened and smaller eye phenotypes were confirmed by scanning electron microscopic analysis. Whereas GMR-driven GGA-RNAi expression revealed normal compound eyes with regular arrays of corneal lenses (Figure 9 B) indistinguishable from a control (Figure 9 A) , expression of the dominant negative GGA-GFP (Figure 9 C) and GGA-WT (Figure 9 D) displayed a dramatic loss of structural organisation. In the case of the dominant-negative GGA the eye architecture is nearly completely destroyed while wildtype GGA overexpression resulted in loss of normal ommatidia organisation and shape as well as divided bristles. These findings suggest a role of GGA in lysosomal transport and in degradative neuronal activities that has not been described previously.
Discussion
The past decade has produced a wealth of biochemical, structural and functional information on GGAs and their role in coated vesicle-mediated protein sorting in the endosomallysosomal system. However, a key issue that still needs to be resolved is where the GGAs exert their function in a complex organism. Our identification and analysis of the authentic Drosophila components of the endosomal-lysosomal sorting system -the sorting receptor LERP, the sorting adaptor GGA and the lysosomal cargo cathepsins B1, D and Ldemonstrates that the lysosomal sorting machinery appears to be highly conserved between mammals and flies. In both systems, the GGA-VHS domain recognizes the acid cluster dileucine motif present in the sorting receptors (M6P/IGFIIR and LERP) and both GAT domains bind ubiquitin (see Figure S2 showing Drosophila GAT domain binding to ubiquitin). Lysosomal cargo, as shown for cathepsins, is similarly processed and depends on the sorting adaptor GGA. Establishing these tools in Drosophila enabled us to provide for the first time insights into the role of GGA in an intact animal.
To assess the function of GGA, we used two independent and one overlapping GGA-RNAi knockdown line with GGA-RNAi2 being most effective. GGA-RNAi2 expression under the ubiquitous Act5C-Gal4-driver reduced the levels of the GGA-RNA and protein to nearly zero and resulted in early pupal lethality. In the other knockdown lines, GGA-protein levels were reduced to about 10-20% of the controls and this still caused a slight semi-lethality. That the animals reach early pupal stages could either be due to GGA not being required during embryogenesis and early larval stages or a maternal contribution. Nevertheless our experiments suggest a vital role for GGA. The difference in the grade of lethality can be explained by the extent of RNAi-mediated knockdown.
The observed lysosomal dysfunction and the impaired lysosomal biogenesis in the knockdowns demonstrate that GGA is crucial for receptor-mediated transport of lysosomal cargo. This is shown by the fact that lysosomal cathepsins are missorted and that their processing is altered. In addition, the reporter protein GFP-LAMP1, which is normally rapidly degraded in acidic compartments, accumulates abnormally in lysosomes of GGA knockdowns. The same effect was demonstrated in knockout lines of the two major lysosomal proteases of Drosophila, CTSL and CTSD. This finding supports the conclusion that the stability of GFP-LAMP1 in lysosomes of GGA-knockdowns results from impaired proteolytic function potentially by missorted cathepsins.
The mechanism behind these alterations appears to be the disturbance of LERP trafficking, which in turn results from GGA depletion. In cell culture, changes in GGA resulted in disturbed LERP trafficking and localization that correlated with the missorting of cathepsins. Similarly, we found a missorting of the procathepsins to the hemolymph in da>GGA-RNAi knockdown larvae and an increase in the CTSL-proforms in adult fly heads.
Additionally, we found more of the mature CTSL form in GGA depleted neurons of the fly head, indicating an up-regulation of total CTSL. This is quite interesting since up-regulation of lysosmal cathepsins is a common feature in brains of patients with neuronal diseases, including AD (41), Parkinsonism (42) and lysosomal storage diseases (43) . The novel tools described here, will now enable us to study the role of cathepsin misregulation in Drosophila models of human neurodegenerative diseases.
GGA is strongly expressed in fly heads and immunohistochemistry revealed that it is especially abundant in the eye. Therefore it was not surprising that the maintenance of ommatidial cells is significantly compromised after GGA depletion in eyes. Interestingly, newly eclosed GGA knockdown adults emerge with normal photoreceptor cell organization suggesting that GGA is not required for eye development. By day eight however, the overall organization of the knockout fly eye shows the onset of structural degeneration which becomes more severe with further aging. As mentioned above, maintenance of the eye requires endocytic and vesicle trafficking (32) (33) (34) to remove proteins and/or lipids damaged by light or oxidation (35) . Therefore, the depletion of GGA may result in altered protein turnover that eventually damages the photoreceptors.
Interestingly, knockdown of GGA enhances the eye phenotype caused by overexpression of Bchs, which has been linked with autophagy. This genetic interaction suggests that GGAmediated changes in lysosomal composition play a role in the induction of autophagy. It is well-known that altered lysosome composition can result in downstream effects and in several lysosomal storage diseases defects in autophagy were reported as part of the disease (44) . It is therefore plausible that GGA depletion causes changes in the content of lysosomal proteases that may disable downstream processes.
Similarly, defects in vesicular transport to lysosomes could lead to malfunction and degeneration of pigment granules. The immunostaining suggested a very high expression of GGA in pigment cells and it has been suggested that pigment granules are specialized forms of lysosomes. In addition, it has been shown that many genes that affect vesicular trafficking to lysosomes interfere with pigmentation (45) . Furthermore melanosomes, the pigment-filled vesicles in mammals, contain cathepsin D (46) . Therefore, a disruption of protein transport to lysosomal compartments could severely impair pigment cells. In addition to pigment cells, we also found high levels of GGA protein in mushroom bodies. So far nothing is know about a special requirement of the mushroom bodies for lysosomal trafficking. However, due to their role in learning and memory and the consequent need for remodeling, they might have an increased demand for protein turnover. This would fit with the findings that Drosophila long-term memory formation involves regulation of cathepsin activity (47) .
Interestingly, modest age-dependent retinal degeneration has also been observed in the CTSD-deficient Drosophila model for neuronal lipofuscinosis and this phenotype is dominantly enhanced by mutation in a second lysosomal protease, CTSB1 (48) . As we show here, GGA depletion, which interferes with sorting of several cathepsins, results in a more general impairment of the acid lysosomal hydrolases content compared to the described Drosophila CTSD mutant above where only one protease is affected. This may explain the more severe eye-phenotype caused by GGA-RNAi and fits well to the accumulative effect of CTSD and CTSB1 on the investigated neuronal lipofuscinosis phenotypes described in Kuronen et al. 2009 (48) . Surprisingly overexpression of WTGGA or dnGGA resulted in an even more severe eye phenotype. This indicates that although GGA is dispensable for normal eye development (GGA-RNAi), increased expression of either wild type GGA protein or nonfunctional GGA interferes with normal eye development. This could be interpreted in a way that the primary function of GGA is in the maintenance of existing structures whereas other sorting adaptors acting in the same sorting pathways like AP-1 are required for the development of these structures. Indeed, in preliminary experiments we found that eye specific RNAi of Drosophila AP-1 subunits affects eye development and causes a rough eye phenotype with abnormal bristles that is already visible in newly enclosed adults (not shown). Overexpression of GGA might interfere with the function of AP-1, possibly by competing for and sequestering target cargo, thereby causing developmental defects.
Finally, expression of human GGA3 causes a partial disintegration of the eye that is similar to the phenotype observed with overexpression of the Drosophila WTGGA. This confirms the functional conservation of GGA in human and fly. As others have shown for mammalian and yeast GGA family proteins, we show here that the conserved GAT domain of Drosophila GGA, binds ubiquitin in vitro (supplementary data, Figure S2) (49, 50) .
However, it will be important to determine whether GGA directly contributes to cargo selection by ubiquitin binding to demonstrate the physiological importance of this interaction. Additional studies of GGA will be necessary to test whether ubiquitin binding can be uncoupled from the function in lysosomal sorting.
Even with GGA depletion, a substantial portion of the cathepsins is sorted normally, suggesting a contribution of other adaptins. A strong candidate is AP-1 and consistent with our data, Hirst and colleagues (51) and Kametaka et al. (52) recently found that GGA and AP-1 both contribute to the intracellular trafficking of LERP in Drosophila cells. In mammalian cells, a "hand off" model was proposed in which GGAs first prime the cargo molecules and AP-1 subsequently is recruited through direct interactions with GGAs (53) . However, immunolocalization studies in COS cells suggest that both adaptors can nucleate their own vesicles (54) . Our studies of Dmel2 cells show that overloading the endogenous protein sorting machinery with lysosomal cargo (CTSB1) results in missorting to the extracellular space. Simultaneous expression of LERP and GGA rescues this phenotype, indicating that GGA is sufficient for LERP-mediated lysosomal transport. This does not exclude that GGA and AP-1 can cooperate, but it supports the idea that GGA and AP-1 can also function independently from each other. In this context, similar analyses of AP-1 in a whole animal model such as Drosophila will likely clarify its contributions.
Taken together our findings show that Drosophila is an excellent model to investigate the role of GGA in a complex organism, addressing the unresolved issue in which cells GGAs mainly exert their function. During the revision of this manuscript Hirst and Carmichael confirmed our findings of high expression of GGA in fly heads. Moreover, they reported a tissue specific enrichment of GGA in developing spermatocytes supporting a potential role for GGA in spermatogenesis. Interestingly, they identified in this context a novel binding partner of GGA, cueball, a potential homologue of the mammalian LRP protein family (63) .
The unique GGA in flies, the ability to generate GGA mutants and the power of the available genetic tools in Drosophila are all advantages for future selective analyses of the physiological importance of the highly conserved GGA domains and their interactions with other adaptins. In addition, the fly model can be used to analyse the three human GGAs and their effect on specific phenotypes which could contribute to our understanding of their individual functional competence.
Finally, future studies can now focus on the identification and function of GGA binding partners in vivo. A better understanding of these accessory proteins, particularly with regard to multiple implications of GGAs in amyloid precursor protein processing via BACE1 and SorLA, could shed light on a possible role of GGAs in Alzheimer's Disease. Such a link between lysosomal defects and neurodegenerative disease, in particular Alzheimer's Disease, has been recognized for nearly 10 years (41) . Decreased levels of GGA3 have recently been reported for brains of AD patients suggesting that altered compartmentalization of BACE in AD promotes the amyloidogenic processing of APP (55) . Tissue-and development-specific modulation of GGA levels in the Drosophila AD model could shed light on the extent of GGA influence on the progress and the severity of this disease. Our understanding of GGA cell biology would be aided significantly if more of the signalling pathways and molecules that interact with GGA were known. Regarding the techniques available in the fly, this model system should provide a powerful means to investigate GGA's role in development and diseases.
MATERIALS AND METHODS
Fly stocks
The GMR-Gal4, EP(2L)2299 stock was a gift from Dr. K.D. Finley. The GFP-LAMP1 stock was a gift of Dr. H. Krämer. All Gal4 driver lines were obtained from the Bloomington Stock center except the ey-Gal4, GMR-Gal4 double driver line, which was a gift of Dr. H.
Krämer. RNAi transformant lines for GGA (RNAi3; 3269 (GD) and 3270(GD)); CTSL (13959 (GD) and 110619 (KK)), CTSD (31012(GD)) and CTSB1 (45345 (GD)) and 108315 (GD)) were from VDRC, Vienna, Austria. Flies were raised on standard cornmeal-molasses medium. All crosses involving Gal4 drivers were raised at 25°C.
GGA RNAi knockdown constructs
Two independent GGA-RNAi constructs were made by two sequential insertions of the same PCR product (XbaI fragments containing nucleotides 980-1865 (GGA-RNAi1) and nucleotides 287-883 (GGA-RNAi2) of the GGA cDNA were obtained by PCR amplification from pOT2-LD41311) into the AvrII and NheI sites of pWIZ (56) . Transgenes at several different chromosomal sites were established by standard P-element mediated germ line transformation by The BestGene (Chino Hills, CA). Two transformant lines for GGA-RNAi3 constructs, ID3269 and 3270, targeting nucleotides 403-720, were obtained from VDRC, Vienna, Austria.
GFP-LAMP1 fluorescence
A second chromosome insertion of a GFP-LAMP1 transgene (28) was recombined onto a second chromosome carrying the GMR-Gal4 and ey-Gal4 transgenes. In addition to the expected GFP fluorescence in third instar larval eye imaginal discs, unexpected fluorescence in third instar larval salivary glands was observed. To test the effect of GGA knockdowns on lysosomes, yw; GMR-Gal4 ey-Gal4 GFP-LAMP1/CyO, y + flies were crossed to yw; UAS-GGA RNAi/CyO, y + flies; knockdown larvae are recognized by having yellow mouth hooks. LysoTracker Red (Invitrogen) was diluted to 1 μM in Robbs medium and glands were incubated at room temperature for 30 min before being examined by fluorescence microscopy.
Immunofluorescence localization
Immunostaining analysis was performed as described in (57) using a confocal laser scanning microscope (LSM, Zeiss). Primary antibodies were used as described below, and fluorescence-conjugated secondary antibodies were obtained from Molecular Probes/ Mobitec.
Analyses of hemolymph and carcasses
100 μl of Ringers solution was placed in a glass well on ice and the cuticles of 10 larvae, one at a time, were torn open avoiding damage to internal organs. Each larva was gently swirled in Ringers solution for about 30 seconds, and then the carcass was removed, rinsed and drained and placed in an eppendorf tube. The hemolymphs from ten larvae were collected, spun for 10 min to sediment cells and the supernatant was placed in a separate tube. This was done in triplicate (30 larvae total) for each genotype.
Collection of fly heads
Fly heads were collected after vortexing nitrogen-frozen flies with moderate strength 4-6 times, 3 sec each time.
Immunoblot analysis and antibodies
Individual frozen larvae or pupae, fly heads or Dmel2-cells were homogenized in Trisbuffered saline, pH 7.5, containing 1% Triton X-100, Roche protease inhibitor, 10 μg/ml E-64 and 50 μg/ml pepstatin. The protein concentration was determined using the microLowry procedure (59) . SDS-PAGE and Western blots were performed using standard methods. The bands were detected using enhanced chemiluminescense (ECL).
Antibodies-Mouse anti-SF21-cathepsin L (R&D Systems, Inc); rabbit anti-actin (Cell signaling, Danvers, USA); rabbit anti-ubiquitin (Sigma Chem. Co.); rat anti-HA monoclonal antibody 3F10 (Roche Diagnostics); rabbit anti-Drosophila CTSB1 and rabbit anti-CER (kind gift from T. Préat); anti-lava lamp (gift from J.C. Sisson); anti-rabbit IgG-HRP, antimouse IgG-HRP and anti-rat IgG-HRP secondary antibodies (Sigma Chem.). Rabbit anti-Drosophila GGA (kind gift of J. Hirst, London); rabbit antibodies were generated against CTSD/CG1548 (amino acids 218-236) and LERP (amino acids 830-845). Anti-mouse LAMP1 (1D4B) was obtained from the Developmental Hybridoma Bank, rabbit anti-mouse CTSD as described (59) .
GGA, LERP, Cathepsin expression constructs
PCR (wildtype GGA nt 97-2079; dominant negative GGA nt 97-1062) was performed from GGA EST LD41311 using primers upstream of the ATG and eliminating the stop codon for in-frame fusion with the C-terminal V5-tag. The resulting amplification product was subcloned into the pMT-V5/HIS-TOPO vector (Invitrogen). Similarly, the EST clone of CTSB1 (GH06546) was used for the generation of the untagged CTSB1 (151-1170) expression construct. The LERP cDNA with C-terminal HA-Tag was subcloned from the earlier described pCDNA.3.1-expression construct (26) into the XbaI/KpnI of the pMT-TOPO vector. The CTSD-Red and CTSB1-Red mammalian expression constructs were generated by subcloning the cDNAs of CTSD (SD07085; nt 82-1257) and CTSB1 (GH06546; nt 151-1170) into pDSRed1-N1 (Clontech) using HindIII/SacII restriction sites.
Peptide sequence comparisons and DNA sequencing
Sequence comparisons were done by the CLUSTAL W method available at the Jalview server (http://jura.ebi.ac.uk:6543/cgi-bin-clustalw.cgi) using the Blox Substitution Matrix (BLOSUM). DNA-sequencing was done with standard primers and sequence specific primers with ABI prism Big dye terminator cycle sequencing ready kit according to the manufacturer's instructions (Applied Biosystems).
Cell Culture and Transfection
Drosophila Dmel2 cells were cultivated in Schneiders Drosophila medium (Invitrogen) containing 10% FBS, 50 U/ml penicillin, 50 U/ml streptomycin and 2 mM L-glutamine at 25°C. Transfection was done using the calcium phosphate protocol (60) . Stable cell lines were achieved by selection with 30 μg/ml of Blasticidin and confirmed by immunofluorescence analysis. Cultivation and transfection of embryonic mouse M6PRdeficient fibroblasts was performed as described previously (23) .
Fly tissue processing, embedding and sectioning for light microscopy and transmission electron microscopy
GGA + and GGA-RNAi-larvae, matched for developmental stage, were cut open at one end to permit fixation. Adult Drosophila heads were dissected from bodies and cut in half longitudinally so each half contained one compound eye. Tissue was fixed and processed as described (40) . 0.5 μm thick sections were cut using a glass knife on a Reichert Ultracut E ultramicrotome (Depew, NY), collected and heat-attached to glass slides, stained with toluidine blue and cover-slipped in Permount mounting medium. Light micrographs were taken with an Olympus research light microscope and a Nikon D-200 digital camera.
Paraffin head sections were prepared as described (61) . Heads from 25d old flies were cut in 7μm serial sections, the paraffin removed in SafeClear (Fisher Scientific), embedded in Permount, and analysed with a Zeiss Axioscope 2 microscope using the autofluorescence caused by the eye pigment.
Immuohistochemistry
Paraffin sections were prepared from w 1118 flies as described above, the paraffin removed and rehydrated through a series of ethanol washes. The immunostaining was done as described (61) . Rabbit anti-Drosophila GGA was used at 1:2000 and detected with a Cy2 coupled goat anti-rabbit (Jackson ImmunoResearch) at 1:1000. Confocal images were obtained from whole mount preparations using a Olympus Fluoview confocal 300 microscope. The head capsula between the eyes was removed and the tissue fixed in 4% paraformaldehyde. Immunostaing was done as described for paraffin sections.
Scanning electron microscopy
Samples were prepared as described (62) .
dsRNAi in Dmel2 cells
For synthesis of double-stranded RNA (dsRNA) fragments were amplified by PCR (LERP: AY684632:1661-1876; CTSB1:AY060640: 46-828 and CTSL: BT016071: 376-970, numbers refer to nucleotides in the respective accession number data). The primers were flanked by T7-Polymerase promotor sequences and used as templates for the generation of dsRNAs using the HiScribeRNAi Transcription Kit (NewEnglandBiolabs, Neufahrn, Germany). Dmel2 cells were plated in serum-free medium at a density of 10 6 cells per millilitre of medium on 24 well dishes. DsRNA was added immediately after plating (20 nM; typically 5-10 μg of dsRNA and 10 6 cells/ ml). After 30 minutes, 1 ml of serumcontaining medium was added to the well. Knockdown effects started after several hours. More than 90 % reduction of protein expression was detected by immunoblot analysis after 72 hours.
Cathepsin activity assays
Cell lysates were resuspended in McIlvaine's buffer, pH 5.2, containing 2 mM EDTA and 0.1% (v/v) Triton-X-100 and sonified. For the assay, 40 μl of lysate were incubated with 1 ml of activation buffer (McIlvaine's citrate phosphate buffer, pH 4.0, containing 0.05 % Triton-X-100, 4 mM cysteine and 2 mM EDTA) for 10 min at 30°C. Then, the substrate solution was added (100 μM Z-Phe-Arg-AMC). For the specificity of the reaction, inhibitors were used at a final concentration of 100 nM: E-64 which inhibits all cysteine proteases; CA-074, which strongly inhibits CTSB and Z-FF-CHN 2 , known to inhibit mainly CTSL. The fluorescence of the liberated 7-amino-4-methylcoumarin was monitored continuously with a Bio Assay Reader Synergy HT reader (Bio-Tek) at 30°C at excitation and emission wavelengths of 370 nm and 460 nm, respectively. For calibration, standard solutions of 7amino-4-methyl-coumarin were used, the concentration was determined spectrophotometrically using an absorption coefficient of 16,000 M -1 cm -1 at 342 nm.
pGEX4T-1-constructs
The cDNA of Drosophila GGA was isolated from the EST clone pOT2-LD41311 [Drosophila Genomics Resource Center (DGRC, Bloomington, USA)]. EcoRI/XhoI fragments encoding the Drosophila full length GGA (amino acid residues 1-660), GGA-VHS-domain (amino acid residues 1-144), GGA-VHS+GAT-domain (amino acid residues 1-299), GGA-GAT-domain (amino acid residues 146-299) and GGA-EAR-domain (amino acid residues 505-660), as deduced from homology comparisons with the human GGAs, were obtained by PCR amplification from pOT2-LD41311 and subcloned into the corresponding sites of pGEX4T-1 (Pharmacia Biotech, Freiburg, Germany). The GSTfusion proteins were expressed in E. coli strain BL21 (pLysS) (Novagen, Schwalbach, Germany) and purified using Glutathione4B-Sepharose (Pharmacia Biotech, Freiburg, Germany).
Pull-down Assays
GGA binding to ubiquitin (Ub) was performed according to the protocol described previously (51) . GST fusion proteins of the different GGA variants (equimolar amounts) purified from Escherichia coli BL21 (DE3) were incubated with Ub-(15 μl) or protein Aagarose (30 μl as control) beads (Sigma) for 1 h at room temperature in buffer A (25 mM Hepes, pH 7.4, 125 mM potassium acetate, 2.5 mM magnesium acetate, 5 mM EGTA, 1 mM dithiothreitol) containing 0.1% bovine serum albumin and 0.1% Triton X-100. The beads were then pelleted and washed three times with buffer A. Proteins associated with the beads were subjected to immunoblotting with rabbit anti-GST antibody [polyclonal rabbit anti-GST IgG-fraction G7781 (Sigma) diluted 1:1000, incubated overnight at 4°C] and secondary antibody [goat anti-rabbit POD (Sigma) 1:50000 for 1 h at room temperature).
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Vps27/Hrs/Stam Eyes from flies expressing GGA-RNAi via GMR-GAL4 (B) did not show abnormalities compared to a GMR-Gal4 >GFP fly used as control (A) whereas strong expression of a dominant negative GGA-GFP (C) completely destroys the eye architecture. Expression of wildtype GGA-GFP (D) leads to a smaller and disorganized eye with abnormalities in bristle morphology and orientation and dents in the cornea on the top of some ommatidia (arrows). Left: overview, right: higher magnification. Scale bars and magnifications are given below each photo.
